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Introduction
Nowadays, in general, more and more attention is paid to the technical diagnostics of sophisticated technological complexes (TCs) in operation and to the prognoses of their further performance. To a large extent, this is due to the role of technical diagnostics in reducing the cost of repair and restoration of TC units by early detection of defects that originate in the assembly parts. Only reliable diagnostics can allow the transition from the system of planned and preventive maintenance to the organization of repairs according to the current state. At present, the increase in the cost of new spare parts, on the one hand, and the requirements to reduce operating costs, on the other hand, while maintaining the level of reliability and safety [1] , necessitates the improvement of the system and, in some cases, create new information technologies for diagnostics and repair.
The paper considers the existing methods of operational control of the performance of rolling bearings of various TCs. The characteristic damage of bearing units of high-power TCs is analyzed in terms of the probability of sudden failure of the support and the possibility of early detection of damage by known methods [2] .
One of the main sources of the vibration waves in a rotating electric machine is the operation of its active zone, i. e. elements adjacent to the working air gap between the rotor and stator magnetic circuits. This is explained by the fact that in the active zone of an electric machine there are force interactions between magnetic fields and conductors, which is the basis of transformation of electromagnetic forms of energy into mechanical and vice versa. The spectral composition of electromagnetic vibrations is limited in the range of high frequencies by the speed of mutual displacements of magnetic fields and conductors, as well as by the maximum gradients of the electromagnetic fields of the machine in the tangential direction. And, as the study shows, the maximum energy of electromagnetic vibrations falls at a frequency of 10-50 Hz and has an effective spectrum width of 100-500 Hz [3] .
Vibrations caused by the unbalance of the rotary part are of great importance for high-speed machines when operating in the domain of maximum speeds [1, 4] . In this case, the first harmonic of the spectrum of the vibratory forces is precisely determined by the speed of rotation of the rotor, and the spectral component is in the frequency range of vibrations of TC electromagnetic interactions.
For large DC technological complexes, for example, traction locomotives, a significant role in the general picture of the vibration fields, especially in the frequency range above 1 kHz, is played by the acoustic waves generated by the brush-collector unit's operation. Depending on the reason, the period of vibration signals in this case may have different degrees of correlation with the speed of rotation of the armature machine.
Rolling bearings are the main sources of vibration of electric machines, especially in the frequency range of more than 1 kHz. The stochastic vibration signals that are associated with the rolling bearing operation can be subdivided into two large groups. The first group is connected with the unessential geometry of the parts, for example, the wavelength of the rolling paths. Damage in the second group is caused by local damage to the working surfaces, for example, fatigue cracks. The vibration parameters caused by the second group of causes, on the contrary, have a significant spread, both in terms of the repetition period and amplitude. This is due to the large number of degrees of freedom for mutual displacement of bearing parts. It can be argued that in the performance of the rolling bearing with local damage to the working surfaces, there must be force interaction in the form of shock impulses, the amplitude and the period of repetition of a random nature.
Literature review and problem statement
In [4] , traction electric machines are characterized by damage to the working surfaces of rolling bearings. Their location is shown in order of the increasing probability of instantaneous loss of the host's performance.
Exfoliation means small (with a diameter of less than 0.1 mm) fatigue shells. Damage arises at the beginning on the most loaded areas of the rings (for example, in the lower zone of the outer clasp) and rollers, and then it develops on other working surfaces of the component parts. This damage, as a rule, does not result in the loss of the capacity of the unit and is detected during major repairs to TCs.
Burns are local thermal damage that occurs when a significant electric current passes through the bearing. This is characteristic of electric locomotives.
Overriverting is the emergence of local damages in the form of the entry of rollers to the surface of the rings in the process of transporting the machine. In the case of a significant damage, it can lead to cracks.
Fatigue shells and chipped sides are shells with a diameter larger than 0.5 mm. The result is the rupture of rings or destruction of roller bodies and loss of the bearing capacity.
Cracks arise when the setting of rings in the bearing is violated, which results in the rupture of rings and disability.
Thus, the task of diagnosing the bearings of electric motors is to promptly detect local damage, for example, type 2 and type 3, not allowing their further development. But the authors of the work left unresolved the problem of reliability.
One of the directions to solve this problem is the use of complex diagnostic systems, which allow to determine with high probability the current state of assembly units and parts of the rolling stock by the set of diagnostic signals [5] . The basis of such systems is a PC with an appropriate software that whould allow you to determine the parameters of the diagnostic signals, as well as store the resulting values in the form of a data bank for each unit of the operated fleet. By analyzing the change of parameters from one cycle of diagnostics to another and comparing with the maximum allowable values it is possible to observe the change in the technical state of the units and parts and also to predict their efficiency and reliability [6] . The use of such systems will significantly reduce the volume of repair and restoration work, as well as increase the reliability of the rolling stock. In general, it can reduce the economic costs associated with the rolling stock fleet maintenance. But a wide introduction into the operational practice of such systems is constrained by a number of reasons. This is primarily a significant cost for the development and production of a comprehensive diagnostic system, as well as the lack of highly skilled specialists for their service.
Small-scale portable means of technical control may become an option to overcome the corresponding difficulties. Means and devices of this class are not expensive; they do not require changes in the adopted control system and repair technology, but require special training of the service personnel [7] . At the same time, such devices can serve to collect preliminary information about diagnostic signals and how to obtain and process them, which is necessary for the development of integrated systems.
When rolling bearings are tested on special stands, the resistance of the electric current of the oil film between the moving and non-moving parts of the bearing is frequently used as a diagnostic parameter [8] . The measurement of this parameter allows us to assess the current state of the working surfaces of the assembly parts and determine the residual motor resource. The size of the electrical resistance practically does not affect the smooth irregularities of the working surfaces, i. e. this parameter has a high selectivity as for the local, most dangerous, damage. But the resistance of the oil wedge is determined primarily by the quality and condition of the lubricant itself. Consequently, this method of diagnostics is not applied to the used bearing units, especially when grease lubricants are used.
The methods of checking the performance of rolling bearings by the unit temperature [9] or by the speed of the separator [8] , which are used in various branches of engineering, allow us to monitor their performance at the time of inspection. This is the approach used in [9] , but it is not possible to reliably estimate the residual lifetime of an object using these diagnostic parameters.
There is known a large number of methods for the diagnosis of various mechanisms that is based on the measurement of the parameters of stochastic processes accompanying the operation [10] . The choice of acoustic waves as a source of information is due to the fact that the vibrational waves created by working under the load bearing are directly associated with the force interaction between its parts. Consequently, any change in the nature of the contact between the bearing parts, such as changing the geometry or the lubrication mode, will cause a change in the pattern of the vibration field. An intense change in the geometry of the bearing parts, plastic deformation or crack opening necessarily give rise to the appearance of elastic waves in the material of the elastic stress waves of a wide frequency spectrum. This is reflected in the picture of vibration of the machine surface at the point of the possible observation [1] .
The use of spectral analysis of vibration for the diagnostics of rotating parts is based on the natural periodicity of the change in mechanical loads, which causes periodic changes in the pattern of vibroacoustic waves of the working mechanism. The existing and currently available portable spectroanalyzers allow analyzing the vibration processes that occur in working mechanisms, with subsequent transfer of information to the PC. The obtained results are compared with those available in the databank and the results of the preliminary measurement. All this suggests that it is expedient to study the diagnostic methods that determine the location and nature of the damage, trace the dynamics and make forecasts for its development.
The aim and objectives of the study
The aim of this work is to study the vibroacoustic fields of dynamic electric machines and to develop methods for distinguishing in the general vibration picture the diagnostic parameters that provide operative and reliable detection of rapidly developing defects.
To achieve this aim, the following objectives were set: -to develop and implement a mathematical model of the occurrence and spread of vibroacoustic waves in a working electric machine from their places of origin to the point of observation; -to compare the results of the study of the real vibration fields in a working electric machine with the results obtained during numerical simulation;
-to draw a conclusion on the adequacy of the proposed model to real processes.
Investigation of vibroacoustic fields in electric machines

1. The modelling of input effects
Let us analyze the system of technical diagnostics [4] . The object of the diagnosis is characterized by a set of time-dependent parameters of the state Z i (t), i=1, 2, 3,…, n. The operation of the object is accompanied by the appearance of secondary processes, whose parameters Yj, j=1, 2…, m (diagnostic parameters) are related to Z i (t) with some dependence:
Parameters Yj are to be directly dimensioned without disassembling or destroying an object, and their set must uniquely determine the parameters of the state Z i (t)
The information thus obtained can be used to reject objects (according to the principle of "applicable -not applicable") or to predict the technical condition. For example, having determined (based on the statistics of operation) the limit value of the diagnostic parameter Y max , which corresponds to the moment of failure of the object being diagnosed. Also, knowing the current values of Y j (t 1 ) and Y j (t 2 ) obtained at the moments of time t 1 and t 2 , it is possible to use the linear extrapolation to determine the residual lifetime of the object before its failure:
The connection between the parameters of the state Z i (t) and the diagnostic parameters can be both functional and probabilistic. Moreover, in the latter case, an increased number of diagnostic parameters at their rational choice raises the probability of diagnosis.
For any system of distribution and transmission of energy, the change in the output values X i , for a multidimensional system, is determined by the values of the input effects F i and the transmission characteristics of the system Q ij through the Duamel integral [1] :
where X i (t) is the i-th output value; F j =f(t) are input actions; Q ij is the impulse transfer function of the system for the response X i from the influence of F j . 
We shall consider the value of vibration acceleration at the point of the sensor installation as the desired output feedback X i . The size of the vector of input effects F is determined by the number of independent inputs, both in terms of time implementation of processes and the point of origin. The elements of the matrix Q due to the nonlinearity of the system in general depend on the values of the input effects F , but for most of the low-energy effects the nonlinearity can be neglected. This assumption is valid if the value of the vibration displacement from the j-th effect is small as to the deformation of the parts under the action of static loads. The above described is applicable primarily to the impulse response. In this case, the parametric effects on the impulse transfer function Q ij are not excluded. Thus, in the modeling system, the principle of superposition is performed for the propagation of shock-driven vibration signals and is not applied to low-frequency effects.
By setting the domain of admissible values of the input effects F j and determining the elements of the array of transfer functions Q, we obtain a mathematical model of the formation of the dynamic TC vibration field. The model is suitable for further investigations of changes in the parameters of the initial response X i =f(t) [11] .
To construct the model, we divide all the force effects arising in the TC into deterministic and random. The deterministic force effects primarily include the forces arising in the magnetic zone of the machine and the vibrations of the rolling bearings associated with the deviations in the shape of the bearing parts from the ideal. They have significant power, but in a very limited range of frequencies.
The sources of force effects of this group are proposed to be considered as polyharmonic effects:
where F sin (t) is temporal realization of the force effect; F k is the amplitude of the force effect from the k-th factor; T k and φ k are, respectively, the repetition period and the initial phase of the k-th power wave. It should be noted that, in spite of the almost rigid deterministic dependence of the frequency of each individual wave on the period of the force variation, the values of T k and φ k do not correlate, which is explained by their different physical nature. For example, the frequencies of magnetic pulsations are determined by the frequency of the power supply and the frequencies of the local vibrations of the magnetic field from the interactions of the gear zones of the machine. For asynchronous machines, these values can be correlated because of the amount of slip, but the latter depends on the moment of rotation of the machine shaft and is not set in our task [3] . For machines with direct current, the rotation speed theoretically does not depend on the frequency of the supply voltage pulsations. Then in the form of polyharmonic influence in the model it is necessary to consider a small number of sources of low-frequency vibrations with the highest energy. These include an unbalance of the rotating part, the first harmonic of the power supply frequency and the vibration from non-ideal bearing rings (assembly deformations of the rings). Meantime, the ways of occurrence of low-frequency waves are considered as random waves with a normal distribution of amplitudes and a limited spectrum. Then equation (4) will take the following form [1] :
where 0 10, k < ≤ F nk is the amplitude of the force effect from the k-th factor associated with the speed of the machine shaft; F tk is the amplitude of the force effect of the k-th factor associated with the frequency of the power supply.
In the second group of deterministic force effects there are included fast-change processes that accompany the work of the brush-collector unit of DC machines: the co-brush of the machine with collector plates and the sparking of the brushes. In both cases, there occur pulse actions, the repetition period of which is determined by the speed of rotation and the number of collector plates, and the duration of exposure is too short compared to the period of repetition. Then, the interaction data can be represented as follows:
where F γ (t) is the time realization of the force impulse; F γ (A) is the amplitude of the force impulse; 60/nK is the period of repetition of force impulses. A large number of other low-frequency sources of force effects and the absence of functional and correlation interactions between them allow to represent them as a frequency-limited random process by the Gaussian distribution law [12] :
where P(F Σ ) is the probability of the force impulse F Σ with amplitude A; m, σ are respectively the mathematical expectation, the magnitude variance, and the mean square deviation F Σ . The correlation corresponds to the time realization of the process as [3] :
where U(t) is the power wave envelope; ω 0 is the central frequency of the spectrum; φ (t) is the initial phase of quasi-fluctuations. The variable of U(t) is a random function distributed by the Relay law for which the dispersion value corresponds to the dispersion of the value P(F):
The initial phase φ (t) has an even distribution within an interval from 0 to 2π:
Shock force effects that occur while passing the local defects of the working surfaces of the bearing parts in the load zone. This happens due to the short interaction ith respect to the average period of repetition similar to (6):
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where F d (t) is the time of the force impulse; F d (A) is the amplitude of the force impulse; T k is periodicity of repetition of the force impulses. Moreover, the values of F d (A) and T k ,, as shown earlier, are random and follow the normal distribution law because of the large number of degrees of freedom.
2. Modelling of the propagation of vibroacoustic waves
Based on the analysis of the propagation of vibroacoustic waves (which result from the influence of F i in the structure of the machine), from the point of their origin to the measuring point, we suppose the form of vibration acceleration of the surface X [12] . It is proposed to present the transmission channel as a complex system consisting of masses of separate sections m ij , elements of elastic connections C ij , and elements of absorption of energy from the wave Y ij . The kinematic scheme of propagation of power waves in the proposed system is shown in Fig. 1 : Fig. 1 . A kinematic scheme of propagation of power waves If we consider the propagation of low-frequency vibrations (magnetic noise, vibration of the not-ideal bearing, etc.), then, the elements of the machine's body such as resonances of individual elements of the machine (for example, internal and external bearing rings) and resonances of the machine body serve as separate vibrational contours of the presented system. At the same time, the length of the generated wave of vibration significantly exceeds the dimensions of the machine. Thus, the frequency of forced vibrations of 500 Hz corresponds to the length of the longitudinal wave in the steel of about 6 meters [6] . Consequently, the distribution channel for this type of effects can be presented as a kinematic scheme (Fig. 2) .
In this case, F sin (t) and F Σ (t) determined in equations (5) and (8) are accepted as input effects F i .
Forced vibrations of this system can be described by the differential equation of the n-th order [6] :
. The impulse transfer function, expressed in terms of complex frequency transmission coefficients, looks in the following way [13] :
where K( jω) is the frequency transfer coefficient. The transition to considering the behavior of the system from the time domain to the frequency domain is explained by the fact that the frequency transfer coefficient K( jω) can be determined directly from equation (12) without resorting to the solution of the differential equation [12] :
Similarly, the frequency transfer coefficient can be determined experimentally by the spectral component of vibration signals under the influence of a random input signal by approximating spectrographs in the form of polynomials of the k-th order [13] .
For high-frequency vibrations, the length of the acoustic wave in the steel is 10 -1 -10 -2 m and is commensurable with the dimensions of the machine parts. Here vibration systems are represented by the waves from the heterogeneities in the elements of the machine parts that arise when reflecting the front. The source of high-frequency excitations in electric machines, according to equations (6) and (11), is the work of the brush-collector unit and the bearing. In the first case, the force acts directly on the body parts, rigidly fixed relative to each other, i. e. the efforts of the previous strain in the mounting units by far exceed the possible dynamic effort from the loads. Then one can neglect non-linear cross-links with other sources of power waves, which corresponds to the kinematic scheme shown in Fig. 3 [13] .
The impulse transfer function of the channel typical of the perturbation F b according to equation (14) is found based on the experimentally determined amplitude-frequency characteristic of the transmission channel. The propagation of the elastic wave from the outer clasp occurs in a similar way to the propagation of F ≈ . In the case of the wave propagation from the inner ring, the transfer of energy from the rolling body to the outer edge occurs through the contact zone, the area of which is determined by the instantaneous load on this body. Consequently, in this case it is necessary to take into account the effect of low-frequency vibrations on the process of the wave transmission [11] . The kinematic scheme of the propagation channel for this case is shown in Fig. 4 . Fig. 4 . A kinematic scheme of propagation of the wave from the inner bearing ring Accordingly, the impulse transfer function of the channel is represented as [13] .
where f(F Σ ( jω) is the nonlinearity of the transmission characteristic.
3. A research on of vibroacoustic signals from the operation of TCs with defective bearings
To verify the theoretical preconditions for the nature of the vibroacoustic fields of electromechanical converters, we have thoroughly studied their vibroactivity depending on the mode of operation and the technical conditions. The main objects of research were traction electric motors of locomotives ED-118 and electric locomotives NB-418, i. e. collector machines of successive excitation with a capacity of 300-790 kW. By their construction, electric motors are classic DC motors. Bearing supports of the engine NB-418 are made on roller bearings No. 42330. The engine ED-118 has got roller bearing No. 42330 inset from the side of the shaft outlet, and roller bearing No. 92417 -on the opposite side. The use of roller bearings in the supports provides free axial movement of the anchor machine within the range of 1-3 mm, which is limited by the ends of the roller clamp in one of the inner rings. Such a design of the axial line of the TC serves to equalize loads in gearsets while operating the engine and eliminates the thermal impact of the anchor shaft on the operation of the unit.
In the research, electric motors were installed on wooden substrates on a rigid base in a horizontal position and were rotated in idle mode. Power was supplied from an adjustable single-phase transformer. The speed of rotation varied from zero to the maximum change in the voltage. Labyrinth seals of bearing units for engines NB-418 and areas of bearing shields adjacent to bearing units for engines ED-118 were chosen as places to install vibration sensors in.
To successfully solve the practical tasks of vibration acoustic diagnostics of the rolling bearings, one must know the degree of mutual influence of the bearings on the parameters of the vibration field at the measuring point. The given task can be solved by determining the values of the coefficients of attenuation of vibration acoustic waves in the body of the machine at different frequencies. The study of the attenuation of waves in the body of the machine was carried out by perturbing the acoustic pulses in the machine and further measuring the relative levels of the spectral density of the vibration acceleration [2] .
We carried out the research on real objects and measured the parameters of vibration signals that arise when TC with defective bearing supports is operated.
The bearing diagnostics device PDD-SM manufactured by the SC "Vibrotehnika" (Lithuania) was used as a primary measuring instrument. Characteristics of the vibration signal were measured and recorded with the help of the oscilloscope S8-17; the vibration signal envelope was recorded by means of a magnetoscope.
The PDD-SM is intended for continuous control over the operation of TC ball-bearing units by measuring the average and peak levels of vibration acceleration of the body in the band of 10-50 kHz. A complete piezoelectric accelerometer served as a primary converter in the device operating at a frequency of 26 kHz and having an effective bandwidth of 5 kHz.
The change in the frequency range of the investigated vibroacoustic signals is due to the desire to increase the ratio between the signal from the defect and the obstacles from the work of the brush-collector node. Since the task of measuring the spectral composition of vibration signals was not raised, the application of the resonant converter does not introduce additional distortions in the observed pattern. Simultaneously with the measurement of the signal levels, we observed the shape of the vibration signal and made its magnetic recording.
The most labor-intensive part of the work at this stage was distinguishing units that have various dangerous damage to the working surfaces of rolling bearings from the general exploited TC fleet. The results of organoleptic control of the performance of anchor bearings were used as a criterion of selection. After measuring the vibroactivity, TC nodes were repaired in accordance with the adopted technological program. After dismantling, rolling bearings were subjected to complete disassembly and magnetic defectoscopy. Investigation of TC high-frequency vibration signals in the time domain confirmed that in the case of a healthy bearing, vibration is a stationary ergodic random process, if the observation time significantly exceeds the period of one revolution of the machine shaft [3] .
In this case, there may be isolated random acoustic impulses that exceed the average amplitude of the signal envelope by 1-2 orders of magnitude. One of the reasons for the increased probability of this process may be the external solid inclusions in the lubricant, then the average frequency of vibroacoustic pulses can reach 10-50 signals per minute at a pulse duration of 10 -4 seconds.
In the case of local violations in the shape of the working surfaces of the bearing, his work is accompanied by the appearance of shock impulses uncorrelated over the repetition period and amplitude [2] .
As the defect develops, the ratio of the average amplitude of the acoustic impulse to the mathematical expectation of the signal envelope increases. At the same time there is observed a transition of shock impulses from the random to the quasideterministic process.
As a result of experimental studies of the characteristics of vibroacoustic signals using the PDD-SM device, a conclusion was made regarding the following. The ratio of the amplitude of the vibration signal to the average (peak factor) for normal bearings is 3-6, the appearance of local m11 m21 mj1
damage or random shock impulses is accompanied by a sharp increase in the peak factor up to 50, and further development of the defect leads to its decrease to 5-8 [2] . Fatigue failure, such as exfoliation, increases the average value by 10-30 dB, without practically changing the peak factor.
The results of numerical simulation and checking the adequacy of the model to real processes
1. Software for simulating the fields of vibration
After determining the perturbing forces F(t) and impulse transfer functions of the system Q(t) from each source of vibrations, it is possible to determine the time realizations of the initial values (for example, the acceleration of the surface at the measuring point). In equation (1), for one observation point and assumed assumptions, the matrix F(t) has a dimension of 1*4. The matrix Q(t) also contains, respectively, four elements representing indeterminate integrals from the frequency characteristics obtained in the experiment in accordance with (11):
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The solution of equation (16) in general is divided into a set of partial solutions due to the interconnection of the initial conditions. This does not allow analyzing the interconnection of the characteristics of the output value of X 1 (t) with the change in the parameters of the input force F d (t) and the propagation conditions. However, solution to this problem is possible by numerical methods, for example, by simulating the process with the use of a PC [14] . When choosing a programming system you have to take into account the following requirements:
-the need to implement various types of input effects; -the possibility to create systems of transformation of input effects taking into account their internal mutual influence;
-the ability to set conversion parameters through the frequency characteristics of the system elements; -providing flexibility in changing the parameters, both input effects and transformation characteristics; -the possibility of further processing of the results. The systems for simulation of similar electrical circuits and systems most fully satisfy the set conditions. So, in electrical systems there is a developed method for creating various input effects with the help of generators of special signals (sinusoidal, pulsed, and random). The impulse transfer functions were determined according to the frequency characteristics given in different forms. We have designed a large number of measuring devices for the study of time, frequency and statistical characteristics of output signals.
The existence of analogies between mechanical and electrical systems is based on the formal similarity of differential equations describing the behavior of these systems. Thus, when the mechanical force F(t) is replaced by the electric voltage U(t), the coordinate of the point X(t) is represented by the charge value q(t). Then we get a system of formal substitution of physical variables:
where I(t) is the value of the electric current; L is inductance; C is electric capacity; R is the resistance of the chain. This replacement makes it easy to carry out the transition from the mechanical forces in expression (16) to the parameters of electrical signals, kinematic schemes in Fig.  2-4 to electrical circuits and vice versa.
There are various software products for simulating electrical circuits of any complexity, for example, widely known Workbench, Circsolv and MicroCap of various versions. These software products allow building computer models of electric circuits (consisting both of passive elements such as resistors, capacitors, inductors, and active components like transistors, as well as analog and digital chips). They also allow analyzing the operation of the circuit in the steadystate or transient modes with different input effects, as well as investigating its frequency and time characteristics [15] .
But the listed programs require excessive details of the scheme, so when constructing an electric filter, it is necessary to indicate the values of the active and reactive resistance. As a result, the program allows determining the frequency characteristics of the circuit area or building feedback on the given input effect. However, the need to determine specific circuit implementations and parameters of their elements according to known frequency characteristics pose additional difficulties, and the visual graphical interface of Windows, requiring significant hardware, remains inoperative.
Another approach to simulating electrical circuits is used in the CompLab software, which allows you to create computer models of electrical systems in general, without detailing the electrical circuit to individual components. The software allows the use of different signal sources: sinusoidal, pulsed or noise, and the creation of complex signaling systems with the use of various linear (filters and delay line amplifiers) and nonlinear elements. It should be noted that in the CompLab software, the elements are specified using transfer functions. A detailed analysis of the parameters of the output signal is possible due to the use of various virtual measuring instruments: an oscilloscope, a spectroanalyzer, a correlometer, and others. [3] . Thus, the CompLab software most fully meets the requirements necessary to solve the task.
Let us consider in detail the construction of the models of processes described by equation (16). We take voltage generators U(t) as sources of disturbing effects in the case of replacing the mechanical force F(t) with the electric voltage in accordance with equation (17). In this case, the ratio of voltage levels between individual sources must correspond to the ratio of the values of the initial force effects.
So the polyharmonic force effects described by equation (5) we connect low frequency filters with a cutoff frequency of 500 Hz and 200 Hz, corresponding to the tenth harmonic component according to (5) , to the output of the generators.
The low-frequency vibrational forces shown in in equation (8), which are not determined by time and amplitude, are represented by means of a generator of white noise and a bandpass filter with a frequency of 200 Hz.
The image of rapidly changing force effects that arise during the work of the brush-collector node and described by the equation (6) is obtained with an impulse generator. We set the period of repetition of impulses as 0.1 msec and impulse duration of 10 msec, corresponding to the speed of rotation of 1,200 rpm and the number of collector plates K=500.
In experiments for simulating the rotational speed of a machine it is necessary to change the periods of repetition of the corresponding generators' signals.
The complexity of vibration processes that arise from the operation of a defective bearing, imposes on its model several specific requirements: the repetition period of impulse signals should change randomly. In the CompLab programming system, the specified conditions are compatible with the code generator whose impulse duration is determined by the minimum simulation time. In the proposed model, this is permissible, and the repetition periods of signals are set using a sequential 32-bit binary code. A change in amplitude of the signal is ensured by the signal multiplier that is set at the outlet and controlled by a normal noise generator.
The block diagram of the model of force effects is shown in Fig. 5 . Fig. 6 shows that the channel for propagation of low-frequency oscillations (which corresponds to the kinematic scheme shown in Fig. 2) consists of a summator (SUM) and a bandpass filter BF 1. The channel of propagation of the signal from the brush-collector node is given in the model as the bandpass filter BF 2. A signal (U 4 (t)) corresponding to the vibration acoustic effect from the defective rolling bearing propagates through the multiplier (MUL) and the filter BF 3. MUL corresponds to the parametric impact of of low-frequency vibrations on the characteristics of the channel of propagation of high-frequency vibrations, taking into account the delay of the signal in the low-frequency channel of propagationthe regulated delay line (DL). The frequency transmission coefficients of the bandpass filters used in the model are given as fourth-order polynomials in accordance with equation (14) , and the coefficient values of a i and b i are determined from the experimental data. PS -power spectrum analyzer; DE -signal probability density analyzer
2. Comparing the findings on real vibration fields and the results of numerical simulation
Let us consider the results of mathematical simulation. In the first series of experiments, we simulate the vibration fields of a working electric machine with a proper bearing support. Fig. 7 shows the time implementation of the model vibration signal in the absence of shock impulses from the code-sequence generator (CSG).
A more detailed study of signals was provided by the use of a spectroanalyzer. The results of the spectral analysis of the model processes are shown in Fig. 8 . A detailed analysis of the amplitude distribution of signals in the simulation was ensured by the use of the probability density analyzer. Fig. 9, 10 give the results of measuring the law of the probability density of the instantaneous amplitudes for the simulated processes. As well as in the case with a real electric machine, the model vibrational signal repeats the frequency response of the channel of propagation in the absence of shock impulses from the code-sequence generator (CSG) in the frequency domain. In the amplitude domain, the distribution density is close to the normal distribution law, and the probability of signals with a large amplitude is close to zero. In the time domain, the signal lacks periodicity.
In the second series of experiments, the model included a code-sequence generator, which corresponds to the appearance of damage to the working surfaces of the bearing parts. The oscillogram of the vibration signals of the model is shown in Fig. 10, 11 shows the signal spectrum in this experiment. The curve of the autocorrelation function demonstrates a deviation from the random process at the point of 30 ms, which corresponds to the period of repetition of the CSG.
Discussion of the results of simulation of stochastic vibration fields in sophisticated TCs
Proceeding from the latest trends in the research and implementation of technical diagnostics of complex technological systems and the need to forecast the state of their operation, we have proposed the use of a mathematical model to identify defects in rolling bearings.
In the simulation of the stochastic vibration fields of TCs, the task was to develop methods for the selection of vibration information diagnostic characteristics that would ensure an effective and reliable detection of rapidly developing defects. It is revealed that in the amplitude domain the distribution density is close to the normal distribution law and the probability of the appearance of high-amplitude signals is close to zero. This indicates that the vibration signal of the model in the absence of shock impulses of the code-sequence generator in the frequency domain repeats the frequency response of the propagation channel.
The limitation of the study is that it is not always possible to place a means of technical control on a running bearing without a partial disassembly of the TC, which requires additional time and funding.
In general, the results of simulation of stochastic fields of vibrations of electric machines allow to conclude that the occurrence of a shock pulse does not cause a significant change in the spectral characteristics of signals at the measuring point. The autocorrelation analysis of signals also allows detecting the occurrence of pulse sequences of signals, but the sensitivity of the method is much lower. Therefore, in the future, when diagnosing bearing units, more attention should be paid to the spectral characteristics and the law of variation in the probability density of the model signal.
It is necessary to draw attention to the fact that the obtained findings on the real vibration fields and the results of numerical simulation are given only for the new defect-free bearing since it was not the purpose of the study to identify the defects or to diagnose damaged or defective objects.
The obtained results can be used for technical diagnostics aimed at reducing the cost of repair and restoration of TC nodes by means of early detection of defects originating in the nodes. The range of application of the research findings is rather wide; they can be used for any TC with rolling bearings (in particular, railway transport, TPP, hydroelectric power stations, and nuclear power plants). The difficulty of this study is the lack of a common basis for detecting defects with the help of stochastic vibration fields for each type of the bearing unit.
Conclusion
1. According to the kinematic scheme of propagation of power waves, there has been constructed a mathematical model for the formation and propagation of elastic waves in TCs from the places of their occurrence to the observation point. The peculiarity of the mathematical model is that the transmission channel is a complex system, where each link is responsible for a certain diagnostic feature (vibration, magnetic noise, or resonance of the rolling bearing). Such a model provides a timely and reliable detection of defects without disassembling of the TC for diagnostic purposes. The constructed mathematical model is close to the real processes of formation and propagation of vibration waves in a working TC. The most sensitive parameter for detecting the flow of pulse effects in the model was the law of distribution density, especially in the zone of large amplitudes.
2. The authers have compared of the research findings on real vibration fields of electric machines with the results obtained during numerical simulation. The results of simulation have revealed the following:
-as well as in the case with a real TC, the vibrational signal of the model repeats the frequency response of the propagation channel when the code-sequence generator is turned off; -in the amplitude domain the distribution density is close to the normal distribution law and the probability of the appearance of signals with a large amplitude is close to zero; -in the time domain a signal can not have periodicity; -the curve of the autocorrelation function shows a significant deviation from the random process at the point of 30 ms, which corresponds to the period of repetition of pulses of the code-sequence generator.
3. Based on the analysis of stochastic sources of vibration acoustic waves in TCs and the conducted studies, it has been proved that, in their initial stage, the defects of ball-bearing support do not significantly influence the parameters of the TC vibroactivity. This confirms the reliability of the proposed model and its adequacy to the real processes.
